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An  alkali-free,  alkaline  earth  borosilicate  glass  (designated  G73)  has  been  developed  as  a  viscous  sealant 
for  use  with  solid  oxide  fuel  cells  (SOFC).  In  this  work,  the  interfacial  interactions  that  occur  between  this 
viscous  sealant  and  aluminized  ferritic  stainless  steel  (SS441)  under  SOFC  operational  conditions  are 
described.  YSZ/glass/aluminized  SS441  sandwich  seals  were  held  at  800  °C  in  air  for  up  to  1000  h,  and 
the  interfaces  were  analyzed  using  analytical  scanning  electron  microscopy  (ASEM).  Interfacial  reactions 
were  also  characterized  by  X-ray  diffraction  (XRD)  analyses  of  heat-treated  mixtures  of  glass  and  alumina 
powders.  The  results  show  that  the  glass  reacted  with  aluminum  from  the  steel  to  form  BaAl2Si208 
crystals  at  the  glass/metal  interface  and  that  the  aluminum  concentration  in  the  aluminized  steel  was 
significantly  depleted  with  time. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Seals  are  required  in  the  design  of  planar  solid  oxide  fuel  cells 
(SOFC)  to  prevent  mixing  of  the  fuel  and  oxidant,  to  provide  me¬ 
chanical  bonding  of  components,  and  to  provide  electrical  insu¬ 
lation  between  stack  components.  Sealants  must  be  chemically  and 
physically  stable  under  the  SOFC  operating  conditions,  and  it  is  still 
a  challenge  to  develop  sealing  materials  that  meet  the  stringent 
design  lifetimes  for  planar  SOFC  which  may  operate  for 
>40,000  h  with  possibly  hundreds  of  thermal  cycles,  in  both  the 
oxidizing  and  reducing  atmospheres  [1-3]. 

Glasses,  including  rigid  and  compliant  (or  viscous)  designs,  are 
the  most  common  hermetic  seals  for  SOFCs,  because  of  tailored 
properties,  like  the  coefficient  of  thermal  expansion  (CTE)  and  glass 
transformation  temperature  (Tg),  low  cost  and  convenient  pro- 
cessibility  [4-6].  Alkaline  earth  aluminosilicate  glass-ceramics  are 
typical  rigid  seals  for  SOFC  applications,  because  of  their  CTE  match 
to  other  SOFC  materials  [3,7-9].  Compliant  sealing  glasses  [10-12] 
are  designed  to  be  viscous  at  the  SOFC  operating  and  have  the 
potential  to  “self-heal”  cracks  generated  during  thermal  cycling. 

Interfacial  interactions  between  glass  seals  and  the  G2O3- 
forming  stainless  steel  interconnects  may  degrade  seal  quality. 
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Alkali  components  in  sealants  may  react  with  the  interconnects  to 
form  volatile  Na2Cr04(g)  and  I<2Cr04(g),  which  causes  Cr  to  deposit 
on  the  cathode,  blocking  active  sites  [2,13,14].  Under  oxidizing 
conditions,  alkaline  earth  silicate  glasses  can  react  with  in¬ 
terconnects  to  form  deleterious  high  expansion  chromates,  i.e. 
BaCr04  (CTE  >16  x  1(T6  “C"1)  [15-17]  and  SrCr04  (CTE 
~22  x  10-6  °C_1)  [18],  and  generate  interfacial  porosity  [15].  Pro- 
tective  coatings,  including,  alumina  14,19,20],  (Mn,  Co)304  [19]  and 
YSZ  [21,22]  have  been  investigated  to  improve  the  stability  and 
reduce  Cr  volatility  from  the  interconnects  under  SOFC  operational 
conditions. 

In  the  present  study,  the  long-term  interactions  at  800  °C  in  air 
between  a  newly  developed,  alkali-free  viscous  sealing  glass  and 
both  aluminized  SS441  and  Y-stabilized  zirconia  were  studied.  Of 
particular  interest  is  the  incorporation  of  aluminum  from  the  steel 
into  the  glass  and  its  effect  on  the  long-term  crystallization  of  the 
glass. 

2.  Experimental  procedure 

2.1.  Glass  composition  and  properties 

The  glass,  designated  G73,  used  in  this  study  is  an  alkali-free, 
alkaline  earth  aluminum  borosilicate  (Ba-Ca— Sr-Al-Si-B) 
designed  by  Missouri  S&T  and  MO-SCI  Corporation.  A  homoge¬ 
neous  mixture  of  the  appropriate  raw  materials  was  melted  in  a 
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Fig.  1.  Schematic  diagram  of  the  sandwich  seals.  The  ratios  of  layer  thickness  are  not 
representative  of  the  actual  samples. 


silica  crucible  (99.6%  SiCh,  0.2%  AI2O3)  at  1100  °C  for  7  h  in  air.  The 
melt  was  stirred  3-4  times  over  a  period  of  30  min,  then  quenched 
onto  a  clean  steel  plate.  The  glass  has  a  glass  transition  temperature 
(Tg)  of  -624  °C,  Littleton  softening  temperature  (viscosity  equals 
106  6  pa_s)  0f  ^706  °C,  glass  liquidus  temperature  (TL)  of  -800  °C, 
and  thermal  expansion  coefficient  (CTE)  of  —8.5  x  10-6  °C-1.  In¬ 
formation  about  the  preparation  and  properties  of  this  glass  is 
given  in  Ref.  [12]. 

2.2.  SOFC  sandwich  seals 

G73  was  used  to  make  sandwich  seals  between  aluminized 
SS441  and  a  YSZ/NiO-YSZ  bilayer,  both  provided  by  Pacific  North¬ 
west  National  Laboratory  (PNNL)  (Fig.  1).  SS441,  a  ferritic  stainless 
steel,  is  a  candidate  for  the  interconnect  material  because  it  has  a 
CTE  match  to  YSZ  anode  support,  it  forms  an  electrically  conducting 
oxide  scale,  and  it  has  a  relatively  low  cost  [11].  The  nominal 
composition  of  SS441  is  Fe  (bal.),  17.5-19.5  wt.%  Cr,  with  trace  of  Nb, 
Mn  and  Si  [23].  The  parts  used  in  this  study  were  aluminized  using 
a  reactive  air  aluminizing  coating  process  developed  by  PNNL  [19]. 
The  SS441  substrates  were  sprayed  with  the  solution  consisting  of  a 
binder  and  a  mixture  of  aluminum  powders,  followed  by  drying 
and  oxidizing  at  1000  °C  for  1  h  in  air.  A  glass  powder  paste  was 
made  by  mixing  G73  powder  (20-50  pm)  with  ethanol  to  get  the 
desired  consistency.  The  paste  was  applied  to  an  aluminized  SS441 
substrate  (25  mm  x  15  mm  x  1  mm),  and  the  piece  was  slowly 
heated  (1  °C  min-1)  to  200  °C  for  2  h  then  slowly  cooled 
(  —  2  °C  min-1)  to  room  temperature,  before  the  YSZ  bilayer 
(15  mm  x  10  mm  x  0.5  mm)  was  pressed  into  the  dried  paste.  The 
assembly  was  then  heated  to  800  °C  (20  °C  min-1)  to  form  the  YSZ 


bi-layer/glass/aluminized  SS441  sandwich  seal.  The  resulting  final 
thickness  of  the  glass  layer  was  150-250  microns. 

To  study  the  interfacial  reactions,  the  sandwich  samples  were 
held  in  air  at  800  °C  (metal-side  down)  for  designated  times.  After 
cooling  (-2  °C  min-1),  the  sandwich  samples  were  fixed  in  epoxy 
and  cross-sectioned  to  examine  the  interfaces.  The  samples  were 
prepared  following  normal  metallography  procedures.  Micro¬ 
structure  and  compositional  characterization  of  samples  were  done 
by  scanning  electron  microscopy  (Helios  NanoLab  600  FIB/FESEM) 
with  energy  dispersive  spectroscopy  (EDS).  Quantitative  image 
analyses  were  done  on  some  micrographs  using  the  Image  J  1.45s 
software  package. 

2.3.  Glass/alumina  reactions 

Glass  (G73)  powders  (<35  pm)  were  mixed  with  alumina 
(99.5%)  powders  (<35  pm)  in  a  1 :1  weight  ratio  in  a  250  mL  plastic 
jar  with  Zr02  milling  cylinders  and  ethanol.  The  powder  mixtures 
were  ball  milled  for  2  h,  followed  by  drying  on  a  hot-plate.  The 
mixed  powders  were  die-pressed  at  20  MPa  into  pellets  (dia.: 
12.7  mm,  thickness:  —4  mm),  the  pellets  were  held  at  800  °C  for  14 
days  in  air.  The  heat-treated  pellets  were  ground  to  powders 
(<150  pm)  and  analyzed  using  X-ray  diffraction  (Philips  X-Pert 
Diffractometer). 

In  a  second  experiment,  a  50  mL  alumina  (99.6%)  crucible  with 
50  g  of  glass  (G73)  was  held  at  800  °C  in  air  for  1000  h.  This  sample 
was  slowly  cooled  (-2  °C  min-1)  and  sectioned  to  examine  the 
glass/alumina  interface  using  scanning  electron  microscopy. 

Finally,  three  glasses  in  addition  to  G73  were  prepared  with  50%, 
100%  and  200%  excess  AI2O3  compared  with  the  baseline  G73 
composition,  using  the  preparation  procedures  described  in 
Ref.  [12].  About  15  g  of  each  glass  were  held  at  800  °C  in  a  platinum 
crucible  in  air  for  seven  days,  then  quenched  in  water.  Glass  pieces 
from  the  center  of  each  sample,  and  from  the  glass/air  and  glass/Pt 
interfaces  were  selected,  then  fixed  in  epoxy  and  sectioned  for  SEM 
analyses. 

3.  Results 

3.1.  Aluminized  stainless  steel  441  (SS441 ) 

Fig.  2  shows  a  cross-section  of  the  as-received  aluminized  SS441 
samples.  There  is  an  Al-rich  oxide  surface  layer  about  1  —2  pm  thick 


(a) 


(b) 


(c) 


Fig.  2.  (a  and  b)  Micrographs  and  (c)  elemental  mapping  (EDS)  of  aluminized  SS441  (as-received  from  PNNL).  The  image  in  the  center  (b)  is  a  high  magnification  view  of  the  area 
indicated  in  the  image  on  the  left  (a).  Elemental  concentrations  of  the  three  points  indicated  in  image  (b)  are  given  in  Table  1. 
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Table  1 

Chemical  composition  (by  EDS;  in  at.%)  of  the  spots  indicated  in  Fig.  2. 


O 

Al 

Fe 

Cr 

1 

56 

21 

9 

13 

2 

61 

5 

16 

17 

3 

62 

5 

31 

1 

immediately  adjacent  to  the  underlying  metal  and  an  outer  layer 
(2—5  pm  thick)  of  mixture  of  Al-rich  and  (Fe,  Cr)-rich  oxides.  The 
composition  of  the  (Fe,  Cr)-rich  oxides,  determined  by  EDS,  is  not 
uniform  (Fig.  2  and  Table  1).  The  presence  of  Fe-rich  and  Cr-rich 
oxide  layers  above  the  Al-rich  layer  was  also  reported  by  PNNL 
[11].  Below  the  alumina  layer  is  a  subsurface  aluminum  reservoir 
layer,  about  100  pm  deep  with  ~13  at.%  Al  at  the  oxide/metal 
interface  (Fig.  3(a)).  The  Al-concentration  profiles  in  the  aluminized 
SS441  were  measured  on  both  the  air-side  and  glass-side  for 
sandwich  samples  held  at  800  °C  for  different  times,  from  3  days  to 
~42  days  (1000  h);  these  are  shown  as  the  data  points  in  Fig.  3(a) 
and  (b),  respectively.  It  is  significant  that  the  Al-concentration 
decreased  with  heat  treatment  time  at  both  surfaces,  and  the 
depletion  of  Al  from  the  glass-side  is  faster  than  from  the  air-side.  In 
addition,  a  comparison  of  the  cross-sections  of  aluminized  SS441 
substrates  ‘as  received’  (Fig.  2(a))  and  after  1000  h  at  800  °C  in  air 
(Fig.  4)  shows  that  there  are  no  significant  differences  in  the 
thickness  of  the  oxide  surface  layers. 

3.2.  SS441/G73/YSZ  interfaces 

Fig.  5  shows  representative  images  of  the  cross-section  of  an 
aluminized  SS441/G73/YSZ  sandwich  seal  after  1000  h  at  800  °C  in 
air.  There  is  complete  wetting  and  good  bonding  of  the  glass  at  both 
the  glass/YSZ  and  glass/metal  interfaces.  The  horizontal  crack 
through  the  glass  was  created  during  the  preparation  of  this  cross- 
sectioned  sample.  Similar  sandwich  seals  remain  hermetic  after 


metal 

20|im 


Fig.  4.  Cross-section  micrograph  of  the  air-side  of  SS441  heat-treated  for  1000  h  at 
800  °C. 


rapid  quenches  (~25  °C  s-1)  from  800  °C  or  after  100  thermal 
cycles  between  750  °C  and  room  temperature  [12].  After  1000  h  at 
800  °C,  the  1-2  pm  thick  Al-rich  oxide  surface  layer  still  exists 
immediately  adjacent  to  the  underlying  steel  (Fig.  6(b)).  Some 
barium  silicate  crystals  formed  in  glass  layer  (Fig.  5(a))  and  EDS 
indicates  that  the  composition  of  those  crystals  are  10%  Ba,  10%  Si, 
2%  Ca,  4%  Sr  and  72%  O  (atom%),  although  boron  cannot  be  detected 
by  the  EDS  system  used. 

In  the  glassy  layer  adjacent  to  the  metal,  needle-like  crystals  are 
apparent  (Fig.  6(a))  and  these  crystals  are  more  Al-rich  (Table  2) 
than  those  barium  silicate  crystals  in  the  center  of  the  glass.  After 
1000  h,  the  Al-rich  crystals  have  become  larger  and  more  platy- 
shaped  (Fig.  6(b)). 

There  is  little  evidence  for  interactions  between  G73  and  YSZ 
after  1000  h  at  800  °C  (Fig.  5(b)).  No  zirconium  or  yttrium  was 
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250 


Fig.  3.  Measured  (symbols)  and  calculated  (solid  lines,  from  Equation  (2))  aluminum  diffusion  profiles  from  metal  surfaces  on  the  (a)  air-side,  and  (b)  glass-side  for  sandwich  seals 
heat-treated  at  800  °C  in  air  for  different  times. 
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Fig.  5.  Micrographs  of  an  SOFC  sandwich  seal  after  1000  h  at  800  °C  in  air.  The  image  on  the  right  (b)  is  a  high  magnification  view  of  the  area  indicated  in  the  image  on  the  left  (a). 


detected  in  glass  and  no  Zr-  or  Y-containing  crystals  were  observed 
at  the  glass/YSZ  interface. 

3.3.  Glass/alumina  reactions 

Fig.  7  shows  the  XRD  pattern  from  the  glass— alumina  reaction 
couple  after  14  days  at  800  °C  in  air.  In  addition  to  the  peaks  due  to 
unreacted  alumina  powder,  the  monoclinic  and  hexagonal  phases 
of  BaAl2Si20s  were  detected. 

Fig.  8  shows  the  micrograph  and  EDS-mapping  of  the  interface 
between  the  glass  and  the  alumina  crucible  after  1000  h  at  800  °C 
in  air.  These  crystals,  which  are  rich  in  Al,  Si  and  Ba,  formed  over  the 
entire  glass/alumina  interface,  but  not  in  the  bulk  of  the  glass.  Also, 
the  stoichiometry  of  the  crystals,  determined  by  EDS,  is  close  to 
BaAl2Si208  (Table  2). 

4.  Discussion 

Viscous  sealing  glasses  are  of  interest  for  SOFC  designs  because 
cracks  that  might  form  in  the  seal  due  to  thermal  stresses  during 
temperature  cycling  may  reseal  through  viscous  flow  upon  re¬ 
heating  [17,24].  For  example,  test  seals  between  aluminized  SS441 
and  YSZ  bilayers  made  with  G73,  purposefully  cracked  by 
quenching  samples  from  800  °C  to  room  temperature  were 
resealed  when  reheated  to  temperatures  as  low  as  725  °C  12]. 


Flowever,  interfacial  reactions  between  a  viscous  sealing  glass  and 
the  SOFC  components  are  likely  to  be  more  severe  than  those 
involving  a  rigid  glass-ceramic  because  of  faster  diffusion  kinetics 
associated  with  a  lower  viscosity  material,  and  so  the  effects  of 
those  reactions  on  seal  performance  must  be  determined. 

In  the  present  work,  it  is  hypothesized  that  BaAl2Si20g  crystals 
form  near  the  glass/metal  interface  because  of  the  reaction  be¬ 
tween  components  in  the  glass  and  the  aluminized  SS441.  Specif¬ 
ically,  alumina  is  dissolved  from  the  metal  into  the  glass  and  the 
BaAl2Si20g  crystals  then  precipitate  from  the  Al-rich  melt. 

The  needle-shaped  BaAl2Si20g  crystals  are  present  only  in  the 
G73  glass  when  it  reacts  with  the  aluminized  steel  or  when  it  is  in 
contact  with  the  dense  alumina  crucible  or  with  the  alumina 
powder.  These  crystals  do  not  form  when  the  G73  glass  is  heated  in 
platinum. 

Because  there  is  no  significant  oxide  growth  on  the  air-side  of 
the  aluminized  SS441,  even  after  1000  h  at  800  °C  (Fig.  4),  the 
changes  in  the  Al-concentration  gradients  on  the  air-side  (Fig.  3(a)) 
are  assumed  to  result  from  Al  diffusion  from  the  subsurface  into  the 
metal  matrix.  This  process  can  be  described  using  a  simple  model 
based  on  “diffusion  from  a  limited  source”  [25].  The  assumptions  in 
this  model  include  a  non-moving  interface  (metal/oxide),  no  Al 
diffusion  from  the  oxide  into  the  metal  or  from  the  metal  into  the 
oxide,  and  the  steel  matrix  acts  as  a  semi-infinite  sink  for  Al 
diffusion.  The  concentration  (C)  of  the  diffusing  species  (Al)  as  a 


Fig.  6.  Micrographs  of  the  giass/metai  interface  of  an  SOFC  sandwich  seal  after  (a)  7  days  and  (b)  ~42  days  (1000  h)  at  800  °C  in  air.  The  average  composition  of  the  crystals 
indicated  is  given  in  Table  2. 
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Table  2 

Chemical  composition  (by  EDS)  of  barium  aluminum  silicate  crystals  formed  at 
800  °C  for  the  designated  time. 


Composition  (at.%) 

Remark 

O 

Al 

Si 

Ba 

61.5 

15.4 

15.4 

7.7 

Stoichiometric  BaAl2Si208 

68 

13 

12 

6 

Sandwich  seal,  7  days 

63 

15 

14 

8 

Sandwich  seal,  ~42  days 

62 

16 

15 

7 

Glass#73  in  alumina  crucible,  14  days 

63 

15 

15 

7 

Glass#73  +  50%  excess  A1203  in  Pt  crucible,  7  days 

63 

14 

15 

8 

Glass#73  +  100%  excess  A1203  in  Pt  crucible,  7  days 

63 

14 

15 

8 

Glass#73  +  200%  excess  A1203  in  Pt  crucible,  7  days 

3800 
3300 
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A  BaAl2Si208  Hexagonal 
X  BaAl2Si2Og  Monoclinic 


Fig.  7.  XRD  pattern  of  mixture  of  glass  (G73)  and  alumina  powders  heat-treated  for  14 
days  at  800  °C  in  air. 


function  of  time  (t)  and  distance  from  the  interface  (x)  can  be  thus 
described  by 

00 

Jc(x,t)dx  =  S  (1) 

0 


where  5  is  a  constant  value,  and 

-  Jrxp(iR) 


where  D  is  the  diffusion  coefficient.  The  Al  profile  of  the  as-received 
SS441  in  Fig.  3(a)  was  calculated  starting  with  a  pure  Al  (thin  film) 
diffusion  source  with  an  amount  S  defined  by  the  total  Al  in  the 
diffusion  profile  (Fig.  3(a)),  the  reported  diffusion  coefficient  for  Al 
in  a  Fe-20Cr-5Al  alloy  at  1000  °C  (1.1  x  10-9  cm2  s-1)  [27],  and  a 
time  of  1  h;  this  temperature  and  time  are  the  aluminization  pro¬ 
cessing  conditions  reported  by  PNNL  [26].  (PNNL  heats  and  cools 
the  aluminized  samples  at  3  °C  min-1  around  the  1  h  soak;  Al 
diffusion  during  the  heating  and  cooling  steps  was  ignored.)  For  the 
diffusion  profiles  of  the  heat-treated  samples,  the  same  value  for  S 
was  used  as  indicated  above,  with  a  diffusion  coefficient  of 
2.4  x  10-11  cm2  s-1  at  800  °C  [27].  The  ‘as  received’  Al-profile, 
created  by  the  original  aluminization  process,  is  equivalent  to 
50  h  of  diffusion  at  800  °C  from  a  pure  aluminum  source.  This 
‘baseline  time’  was  then  added  to  the  experimental  time  when 
calculating  the  Al  profiles  of  the  heat-treated  samples  shown  in 
Fig.  3(a);  e.g.,  the  7  day  (168  h)  profile  is  calculated  using  218  h  in 
Equation  (2). 

Fig.  3(a)  shows  that  the  calculated  diffusion  profiles  (lines  from 
Equation  (2))  are  in  reasonable  agreement  with  the  experimental 
results  (symbols).  The  similar  Al  diffusion  depth  at  both  the  air-side 
and  the  glass-side  interfaces  and  the  more  rapid  depletion  of  Al  at 
the  glass-side  interface  implies  that  Al  is  not  diffusing  deeper  into 
the  metal  as  it  is  at  the  air-side,  but  instead  is  preferentially 
diffusing  from  the  metal  into  the  glass.  Also,  there  is  no  evidence  for 
a  retreat  of  the  metal  surface  at  either  interface.  If  the  Al-rich  region 
dissolved  into  the  glass,  then  large  concentrations  of  Fe  and  Cr 
should  also  be  present,  and  this  was  not  observed. 

Image  analyses  of  micrographs  like  those  in  Fig.  6  provided  an 
estimate  of  the  volume  fraction  of  crystals  that  form  in  the  glassy 
layer  of  the  sandwich  seals.  With  the  assumption  that  the  stoichi¬ 
ometry  of  these  crystals  is  BaAl2Si208)  an  estimate  total  concen¬ 
tration  of  Al  present  in  these  crystals  can  be  made.  This  analysis 
revealed  that  60-80%  of  the  Al  that  migrated  from  the  Al  reservoir 
in  the  SS441  can  be  accounted  for  in  the  BaAl2Si208  crystals. 
Although  the  details  of  the  transfer  and  reaction  mechanism  are  not 
clear,  this  result  strongly  implies  that  the  aluminum  reservoir  of  the 
SS441  is  the  major  aluminum  source  for  the  formation  of  the 
BaAl2Si208  crystals. 

The  addition  of  alumina  to  the  G73  base  glass  leads  to  the  pre¬ 
cipitation  of  BaAl2Si208  crystals  at  800  °C.  For  example,  the  addition 


(a) 


(b) 


Fig.  8.  (a)  Micrograph  and  (b)  elemental  mapping  (EDS)  of  the  interface  between  G73  glass  and  an  alumina  crucible  heat-treated  for  1000  h  at  800  °C  in  air.  The  average 
composition  of  the  crystals  indicated  is  given  in  Table  2. 
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Fig.  9.  Micrographs  of  G73  with  50%  excess  alumina  after  7  days  at  800  °C  in  platinum  crucible  in  air.  Image  (a)  shows  a  glass  piece  near  the  glass/air  interface.  Image  (b)  shows  a 
glass  piece  near  the  glass/Pt  interface.  The  average  composition  of  the  crystals  indicated  is  given  in  Table  2. 


of  50%  excess  alumina  to  G73  results  in  the  formation  of  needle- 
shaped  crystals  associated  with  BaA^ShOg  at  the  glass/air  and 
glass/platinum  interfaces  after  seven  days  at  800  °C  in  air  (Fig.  9). 
EDS  confirms  the  BaA^ShOg  stoichiometry  for  these  crystals,  as 
well  as  the  crystals  in  glasses  with  100%  and  200%  excess  AI2O3 
(Table  2).  These  crystals  could  not  be  detected  in  the  baseline  G73 
glass  held  in  platinum  under  the  same  conditions. 

There  have  been  other  reports  of  similar  interactions  between 
aluminized  steel  and  silicate  sealing  glasses.  Meinhardt  et  al.  [1] 
detected  a  2-3  pm  thin  BaA^ShOg  scale  at  the  interface  of 
barium  aluminosilicate  glass  and  alumina-forming  steel  after  1  h  at 
850  °C  in  air.  Chou  et  al.  [11]  reported  that  the  alumina  coating  of 
aluminized  stainless  steel  (SS441)  was  attacked  by  an  alkali 
aluminosilicate  glass  after  500  h  at  800  °C,  producing  a  greater  Al 
concentration  in  glass,  promoting  the  precipitation  of  KAlS^Og 
crystals  near  the  glass/steel  interface. 

The  formation  of  BaA^S^Og  under  SOFC  operational  condi¬ 
tions  might  be  detrimental  to  the  long-term  sealing  performance 
of  viscous  sealing  glasses  because  this  phase  has  a  lower  CTE 
than  the  base  glass;  the  CTEs  of  monoclinic  and  hexagonal  forms 
of  BaAbS^Og  are  3  x  1CT6  °C_1  and  8  x  10-6  °C_1,  respectively 
[20]. 


5.  Conclusions 

The  interfacial  interactions  that  occur  between  an  alkaline  earth 
alumino-borosilicate  viscous  sealing  glass  (G73)  and  aluminized 
stainless  steel  (SS441)  can  be  summarized  by  the  following: 

•  The  surface  Al  concentration  of  the  aluminized  SS441  decreased 
with  heat  treatment  time  and  this  depletion  could  be  modeled 
by  the  diffusion  of  Al  into  the  steel  matrix  and  the  migration  of 
the  Al  into  the  glass. 

•  The  increase  in  local  concentration  of  aluminum  in  the  sealing 
glass  caused  crystals  to  form  at  the  glass/aluminized  steel 
interface  and  these  crystals  are  most  likely  BaA^ShOg. 

•  The  BaA^SbOg  crystals  form  at  800  °C  when  this  glass  reacts 
with  alumina  powder,  at  the  interface  with  an  alumina  crucible, 
and  when  excess  alumina  is  added  to  the  base  glass 
composition. 

The  consequences  of  these  types  of  interfacial  reactions  on  the 
long-term  performance  of  viscous  glass  seals  must  be  understood  if 
aluminized  steel  is  to  be  used  for  SOFC  applications. 
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